The life cycle, spore morphology, pathogenicity, tissue specificity, mode of transmission and small subunit rRNA (SSU-rRNA) gene sequence analysis of the five new microsporidian isolates viz., NIWB-11bp, NIWB-12n, NIWB-13md, NIWB-14b and NIWB-15mb identified from the silkworm, Bombyx mori have been studied along with type species, NIK-1s_mys. The life cycle of the microsporidians identified exhibited the sequential developmental cycles that are similar to the general developmental cycle of the genus, Nosema. The spores showed considerable variations in their shape, length and width. The pathogenicity observed was dose-dependent and differed from each of the microsporidian isolates; the NIWB-15mb was found to be more virulent than other isolates. All of the microsporidians were found to infect most of the tissues examined and showed gonadal infection and transovarial transmission in the infected silkworms. SSU-rRNA sequence based phylogenetic tree placed NIWB14b, NIWB-12n and NIWB-11bp in a separate branch along with other Nosema species and Nosema bombycis; while NIWB15mb and NIWB-13md together formed another cluster along with other Nosema species. NIK-1s_mys revealed a signature sequence similar to standard type species, N. bombycis, indicating that NIK-1s_mys is similar to N. bombycis. Based on phylogenetic relationships, branch length information based on genetic distance and nucleotide differences, we conclude that the microsporidian isolates identified are distinctly different from the other known species and belonging to the genus, Nosema. This SSU-rRNA gene sequence analysis method is found to be more useful approach in detecting different and closely related microsporidians of this economically important domestic insect.
Introduction
Among many diseases that affect the mulberry silkworm, Bombyx mori, the disease 'pebrine' is an infectious disease caused by the different microsporidians are most devastating, since it inflicts severe cocoon crop loss and it is passed on to the next generation transovarially. In fact the first identified microsporidian i.e., Nosema bombycis Nageli (Nageli 1857) from the mulberry silkworm was the most dreaded pathogen causing "pebrine" disease that devastated the silk industry in France during the mid 19th century. The disease 'pebrine' or 'microsporidiosis' causing pathogens are a group of diverse spore-forming obligatory intracellular parasitic pathogens belonging to the phylum Microspora, which include more than 1200 formally described species belonging to 143 genera (Sprague 1977, Wittner and Weiss 1999) and its host range spans a broad range of invertebrates and vertebrates including insects, fishes, and mammals, as well as small number of protists.
Earlier studies largely relied on the morphology of the parasites particularly the shape and size of spores, various stages of the life cycle, the length of the polar filament and their angle of tilt, and the organs infected for identification and taxonomical studies (Burges et al. 1974 , Ball et al. 1981 Sato et al. 1982) . Among the microsporidian species described so far, at least 200 have been assigned to the genus Nosema (Sprague 1981) . This seemingly disproportionate number of Nosema species could be due to incorrect identification in part as well. Many of the earlier studies on microsporidia based on morphology, ultrastructure, life cycle features and host-parasite relationship have resulted in the unnecessary creation of a large number of new Nosema species (Rao et al. 2004) . The microsporidia lack enough characters at the light microscopic level to be useful for classification and these studies for taxonomic purpose have come into question. The difficulties of proper identification of a Nosema species, even when detailed studies on infection and extensive light and electron microscopic examinations are carried out, are well illustrated by Mercer and Wigley (1987) , who could not distinguish a Nosema species that they have found in stem borer, Sceliodes cordalis, from 12 other Nosema species known to infect Lepidoptera. Raynaud et al. (1998) and Muller et al. (1999) who failed to identify Encephalitozoon cuniculi, Encephalitozoon intestinalis, and Enterocytozoon bieneusi by light microscopic examination; found the PCR method to be quite sensitive and useful in the diagnosis and differentiation of microsporidians from specimens infected with more than one microsporidian species. The significance of these ultrastructural differences was replaced by recent studies of phylogenetic relationships based on DNA marker profiles , Hartskeerl et al. 1995 , Mathis et al. 1997 , Hung et al. 1998 . Phylogenetic reconstruction based on small subunit ribosomal RNA (SSU-rRNA) sequences have successfully been used to detect and classify different microsporidians (Kawakami et al. 1992 , Vossbrinck et al. 1993 , Baker et al. 1994 , Hung et al. 1998 , Raynaud et al. 1998 , Hatakeyama et al. 1997 , 2000 , Tsai et al. 2003 , Rao et al. 2005 , Liu et al. 2011 .
Most of the silkworm breeds are reported be susceptible to the microsporidia. Due to the economical importance of sericulture, the detection and discrimination of different microsporidians infecting the commercial silkworm is extremely very important in seed crop rearings and seed production centers in order to control the pebrine disease, as well as to facilitate destruction of the infected crops at the proper time and to avoid further contamination and spread of disease. Since no work has been carried out to characterize different microsporidian isolates identified from the silkworms reared in the state of West Bengal, India to produce commercial silk, we amplified, cloned and sequenced SSUrRNA genes from five newly identified microsporidians to confirm their species status along with their developmental information as well as morphological data. The sequence data, together with the SSU-rRNA sequence data of other microsporidians obtained from a GenBank, were used to develop a phylogenetic tree to help us understand the genetic divergence and relationships among different microsporidians infecting the silkworms.
Materials and methods

Origin of microsporidian spores
Five different microsporidians were originally collected from individual infected silkmoths during 2007-2009 from different potentially important sericulture farms viz., Berhampore, Nadia, Malda, Birbhum and Murshidabad in the State of West Bengal, India and identified that all of these microsporidians are pathogenic to silkworms. The spores were purified by Percoll (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) density gradient centrifugation (Undeen and Alger 1971) and designated them as NIK-1s_mys, NIWB-11bp, NIWB-12n, NIWB-13md, NIWB-14b and NIWB-15mb. The details on microsporidian isolates, their host, morphology, mode of transmission and places of collection are presented in Table I .
Life-cycle
A very healthy B. mori (Nistari race) maintained on mulberry leaves as a microsporidian free stock were used for the life cycle studies. The mature and viable spore suspension (1 x 10 6 spores/ml) of each of the microsporidian identified and type species (NIK-1s_mys) was prepared and uniformly smeared on ventral surface of the mulberry leaf and fed to 3rd instar larvae (immediately after the 2nd moult). 50 larvae each in three replications were used for treatment, maintained separately on fresh leaves with utmost care. To study the microsporidian life-cycle, 1 or 2 larvae were dissected out every 24 h following from the post inoculation (p.i.) to the completion of the life cycle in cold physiological saline. The midgut and freely floating fat bodies from the abdominal region were carefully excised, and placed in a drop of physiological saline on a glass slide, macerated with forceps and fixed in absolute methanol for 5 min, air dried and stained with 10% Giemsa staining solution for 30 min at room temperature. The slides were then rinsed under tap water for 5 min, air dried and then observed under a phase contrast microscope (Leitz, Germany) under bright field conditions for the presence of different stages of the microsporidians (Figs 1 and 2) .
Measurement of spore length and width
The morphology of the purified spores was observed under phase contrast microscope. The length and width of the spores were measured according to the method of Undeen and Vavra (1997) . The fresh spores were spread in water agar on glass micro-slides and measured using an ocular micrometer under phase contrast microscope and all the measurements are presented in micrometers as mean values of 12 individual observations (Table I) .
Pathogenicity of microsporidian isolates
Immediately after 3rd moult, the silkworms (Nistari race) of uniform size and age groups were collected from the rearing colony and divided into batches of 50 each to determine their pathogenicity. For each of the five new microsporidian isolates and standard strain, six spore doses of three replicates of 0.25 x 10 7 , 0.5 x 10 7 , 1.0 x 10 7 , 0.25 x 10 8 , 0.5 x 10 8 , and 1.0 x 10 8 in 0.35 ml were used as infective doses on day 1 of the fourth instar. These dose ranges were obtained on trial and error basis. A piece of mulberry leaf measuring 5 cm 2 was smeared with the spore suspension of 0.35 ml and inoculated per os to 50 healthy larvae on the 1st day of fourth instar. The infected larvae subsequently reared on fresh mulberry leaves. A control batch of larvae fed on mulberry leaves smeared with distilled water was also maintained. Mortality rate was observed in all the doses after every 24 h up to spinning and pebrine infection was also checked in the dead larvae under a phase contrast microscope. The experiment was repeated thrice. The mortality rates observed at each dose obtained from the mean of three replicates were converted as percent mortality and from it the probit mortality rate was obtained (Finney 1971) . LT 50 values were calculated from the percent mortality versus dosage and probit mortality versus dosage as per the method of Finney (1971) (Table II) .
Examination of infected larval tissues and mode of transmission
To identify the host tissues that were infected, 2nd instar larvae (day 2) of Nistari were divided into batches of 50 each in four replications. Each batch was inoculated per os with purified spores of each of the isolates and the standard strain of the microsporidia at a concentration of 1 x 10 6 spores/ml separately and the silkworms were reared as per the standard practices. Thirty silkworms from each batch inoculated with a separate microsporidian isolate were dissected on the 2nd day of fifth instar and different tissues viz., fat body, gut, silkglands, muscles, integument, tracheal epithelium, Malpighian tubules, ganglia and gonads were excised, ground separately using a pestle and mortar in physiological saline and examined under a phase contrast microscope for the presence of spores (Table III) . To know the mode of transmission, the moths emerged from the cocoons were allowed for mating for 6 h. Later, the gravid female moths were allowed for oviposition for 24 h. After oviposition, female moths were homogenized individually and examined for the presence of spores under a phase contrast microscope. The eggs collected from infected moths were first surface treated with 2% formaldehyde. Thirty individual eggs laid by each infected female moth were crushed and examined for microsporidian spores under phase contrast microscope after every 48 h of embryonic development i.e., on day 2, 4, 6, and 8 (Table I) .
DNA extraction and purification
Genomic DNA was extracted from the sporoplasms discharged from spores using the glass bead method described by Undeen and Cockburn (1989) . DNA concentration and quality was determined both by spectrophotometry at 260 and 280 nm and on 0.8% agarose gel, using a known quantity of λDNA (10 ng/μl) as a standard before use in subsequent PCRs. Any possibility of host DNA contamination was checked using insect mitochondrial primers. A working solution of DNA (10 ng/μl) was prepared in sterile autoclaved double distilled water.
PCR amplification, cloning and sequencing of rRNA gene
The genomic DNA of each of the newly identified microsporidian isolates and type species, NIK-1s_mys was amplified with SSU-rRNA primers previously described by Huang et al. (2004) and Wang et al. (2006) . The primers generated expected size fragment of 1250 bp for all the microsporidians. The amplified products were excised from the agarose gel and the DNA was eluted from the gels using the QIAquick gel extraction kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The purified DNA fragments were ligated overnight in a pTZ57R/T vector in the presence of T4 DNA ligase (both from InsT/A clone cloning kit; Fermentas Life Sciences) at 22°C. The ligated products were transfected in DH5α competent cells and plated on ampicillin/IPGT/X-Gal agar plates. White colonies were selected, and plasmids were isolated from the cells using the GeneJET plasmid miniprep kit (Fermentas Life Sciences). After isolating plasmid DNA from transformed Escherichia coli cells, the plasmids were digested with Hind III and Eco RI to check whether they contained the desired insert. Three clones from each of the microsporidian species were sequenced using DNA sequencing kit (BDT version 3.1) with semi-automatic DNA sequencer (ABI Prism 310, Applied Biosystems, Perkin Elmer) using M13 universal primers at Eurofins Genomics India Pvt. Ltd., Bangalore, India. The sequences were cleaned of any vector contamination using a vector screen program from National Center for Biotechnology Information, (NCBI, Bethesda, Maryland, USA). Sequences have been deposited in GenBank with the accession numbers HQ615700 (NIWB11bp), HQ615701 (NIWB-12n), HQ615702 (NIWB-13md), HQ615703 (NIWB-14b), HQ615704 (NIWB-15mb) (Table  IV) .
Molecular data analysis
For SSU-rRNA sequence analysis, the sequence homology for each of the sequences obtained was performed by using basic length alignment search tool (BLAST, Altschul et al. 1990 ) from NCBI. 29 non-redundant microsporidian SSU-rRNA gene sequences were obtained from NCBI GenBank (Table IV) and aligned with the sequences obtained in the present study using the Notepad program. Multiple sequence alignment of SSUrRNA sequences was done using CLUSTAL-X version 1.7 program (Thompson et al. 1997) , viewed and edited with BioEdit program version 5.0.9 (Hall 1999) . Two sets of phylogenetic trees were derived from the molecular data in order to test the robustness as well as to know any differences in the placement of different microsporidians identified in the constructed trees. One of the tree was constructed (Fig. 3) based on the aligned sequences by maximum parsimony method with branch and bound option using molecular evolutionary genetic analysis (MEGA version 4.0) program (Tamura et al. 2007) . Bootstrap values for tree building method was obtained from 1000 replications. The branch length information was obtained based on genetic distances derived from Kimura-2-parameter model. Another tree (Fig. 4) was constructed based on aligned SSU-rRNA sequences using maximum parsimony method with phylogenetic analysis using parsimony (PAUP version 4.0b10) program (Swofford 2001) . Boot strap values for tree building method was obtained from 1000 replicates. Sequence comparison in the form of a data matrix was calculated by Kimura-2-parameter analysis. Manipulations of trees were carried out with Tree- 
Results
Life-cycle
Our observations demonstrate that the life cycle of different microsporidians identified in the present study and type species NIK-1s_mys showed two distinctive stages viz., spore and vegetative stages. Phase contrast studies of selected tissues revealed infection and developmental stages occurred predominantly in fat bodies and midgut epithelial cells. Since the life cycle features were found to be very similar in all of the microsporidians, the life cycles of NIK-1s_mys and NIWB-15mb are illustrated in Figs 1 and 2. The first stage observed in the host fat body and midgut epithelial cells at 48 h p.i. was spherical binucleate schizonts, which were the most abundant stage and predominantly in diplokaryotic arrangement (Fig. 1a and Fig. 2a) . The growth of the schizonts was followed by a nuclear division, resulting in tetra nucleate schizonts, which were less common (Fig. 1b and Fig. 2b) . The tetranucleate schizonts undergo cytoplasmic cleavage (Fig. 1c,  d and Fig. 2c, d ) and forming binucleate sporonts (Fig. 1e and  Fig. 2e ). Binucleate sporonts undergo cytoplasmic cleavage and forming elongate sporonts with two nuclei arranged in diplokarya (Fig. 1f and Fig. 2f ). The division of sporonts produced diplokaryotic sporoblasts usually with two nuclei (Fig.  1g and Fig. 2g) . The mature sporoblasts which were spindle shaped transformed in to mature spores (Fig. 1h and Fig. 2h) .
Spore shape and size
The shape of different microsporidians identified in the present study were found to be oval to ovo-cylindrical in nature ( Table   Table I (Table I) .
Pathogenicity
The pathogenicity of all the five new microsporidian isolates along with type species NIK-1s_mys was presented in Table II . The inoculation of each of the new microsporidian spores to 4th The five new isolates and the NIK-1s_mys (standard type species) used in the present study are indicated in bold.
B. Surendra Nath et al. 348 instar (immediately after 3rd moult) larvae at six different concentrations of spores resulted in an average LT 50 values ranged from 5.77 to 12.48 days for different microsporidians studied (Table II) . The NIWB-15mb was found to be most virulent resulting in 50% mortality by 5.77 days of p.i. followed by 7. 34, 7.77, 8.94, 10 .00 and 12.48 days for NIWB-12n, NIK-1s_mys, NIWB-13md, NIWB-11bp and NIWB-14b, respectively (Table  II) . The overall pathogenicity of the microsporidians based on LT 50 values was in the order of NIWB-15mb>NIWB-12n>NIK-1s_mys>NIWB-13md>NIWB-11bp>NIWB-14b.
Examination of infected larval tissues
In fifth-instar larvae, the tissue specificity of infection was examined for each of the five new microsporidians identified along with type species. All of the microsporidian iso- The maximum parsimony method is illustrated using branch and bound module in MEGA program. Bootstrap analysis with 1000 replications was performed to give a measure of confidence that can be placed in the resulting tree; bootstrap values are located on above the tree branches. The branch length information based on Kimura-2-parameter genetic distances is given bellow branches of the phylogenetic tree. Ameson michaelis was used as an out group Characterization of microsporidians by SSU-rRNA sequence analysis 349 lates induced infection in all the tissues examined viz., fat body, gut, silkglands, muscles, integument, tracheal epithelium, Malpighian tubules, ganglia and gonads (Table   III) . NIWB-15mb is found to induce heavy infection in certain tissues when compared with other microsporidians (Table III) . 
Mode of transmission
To establish the transovarial transmission, the eggs laid by the infected mother moths were examined on different days of embryonic development on day 2, 4, 6 and 8 for the presence of spores. The spores were observed from the 4th day onwards, indicating existence of transovarial transmission mechanism (Table I) . On day 4 of the embryonic development only 50 to 65 spores were observed in embryos derived from N. bombycis as well as in all of the new microsporidians identified; which increased to 740 to 860 spores at day 10 of the embryonic development.
Phylogenetic analysis of SSU-rRNA genes
The SSU-rRNA sequences of 29 non-redundant microsporidian species/isolates were downloaded from the NCBI GenBank in order to construct a phylogenetic tree. The different microsporidians used in the phylogenetic analysis, their host, order, family, organism name and GenBank accession numbers including the new microsporidians identified in the present study are shown in Table IV . The sequence of Ameson michaelis (L15741) was selected as an out group. The sequences were aligned and phylogenetic trees were constructed using both MEGA and PAUP programs are shown in Figs 3 and 4. The maximum parsimony tree resulted in four clusters. The phylogenetic tree places NIWB-11bp, NIWB-12n and NIWB-14b in a separate branch along with other Nosema species and Nosema bombycis; while NIWB-13md and NIWB-15mb together formed another cluster along with other Nosema species like Nosema fumiferanae and Nosema plutellae (Figs 3 and 4) . NIK-1s_mys revealed a signature sequence similar to standard type species, N. bombycis, indicating that NIK-1s_mys is similar to standard type species N. bombycis (D85503). To support these results, the tree places NIK1s_mys along with N. bombycis (Figs 3 and 4) . No significant variations have been observed in the constructed phylogenetic trees using MEGA and PAUP programs. The branch length information based on genetic distance ranged from 0.00295 to 0.00438 (Fig. 3) . The SSU-rRNA gene sequences of NIWB11bp, NIWB-12n, NIWB-13md, NIWB-14b and NIWB-15mb differed at different positions by 10, 3, 8, 9 and 9 bases from the standard type species, N. bombycis (D85503) and 9, 2, 7, 8, and 8 bases from NIK-1s_mys respectively.
Discussion
The microsporidian isolates identified from the silkworms collected from different sericulturally potential regions of West Bengal, India were characterized using spore morphology and rRNA gene sequence analysis. From the phylogenetic analysis it is clear that, the NIK-1s_mys (type species) is similar to the standard type species N. bombycis maintained at Sericultural Experimentation Station, Tokyo, Japan with GenBank accession number D85503. Canning et al. (1999b) suggested that the determination of the genus/species status of different microsporidians should be made against with the N. bombycis (D85503). The developmental stages of the different microsporidian parasites isolated from the mulberry silkworms from the West Bengal region and type species NIK-1s_mys includes disporoblastic and diplokaryotic stages commonly seen in genus Nosema. These life cycle features are virtually identical to those reported by Ishihara (1969 ), Fujiwara (1980 , Iwano and Ishihara (1991) , Kawarabata (2003) for Nosema bombycis and Canning et al. (1999a) for Nosema tyriae.
The differences in spore width and length were observed among the different microsporidians identified. Many researchers have attempted to use small differences in spore size as an indication of the genus (Burges et al. 1974 , Sato et al. 1982 . However, the small differences in spore width and length should not be considered alone as a taxonomic character because spore size for a given species may vary with the host size (Brooks and Cranford 1972) and is affected by temperature (Maddox and Sprenkel 1978) . Takizawa et al. (1975) , Sato et al. (1982) , Rao et al. (2007) reported in detail the structure, shape and size of different isolates/species of microsporidians identified from the silkworms.
Studies on pathogenicity provide valuable information on host-pathogen interactions as well as relationships. As could be seen from the mortality values, the rate of mortality was dose dependent in all the cases but differed between different microsporidians. NIWB-15mb was found to be the most virulent microsporidian when compared with other microsporidians. The difference in the time taken to reach LT 50 in different microsporidians which ranged from 5.77 to 12.48 days could be due to the differences in the virulence of different microsporidian isolates. These findings are in conformity with the observations of Fujiwara (1979) , Kawarabata (2003) and Rao et al. (2004 Rao et al. ( , 2007 who observed dose-dependent mortality by different species of microsporidians infecting the silkworm, B. mori.
All of the microsporidians was found to infect initially the mid gut and subsequently spreads to various tissues to cause a generalized infection. In addition to high virulent in nature, the NIWB-15mb was found to induce heavy infection in certain tissues like fatbody, gut and silkglands. The mid gut is the primary target tissue for Nosema species and infected insect cells are usually filled with diplokaryotic spores (Henry 1971 , Rao et al. 2007 . Most of the microsporidian species are efficiently transmitted both vertically; the direct transfer of infection from parent to progeny and horizontally; the transmission of the pathogens from one individual to another of the same generation (Becnel and Andreadis 1999) . In the present study, all of the microsporidians identified including type species NIK-1s_mys exhibits both horizontal and vertical transmission. To support the existence of transovarial and horizontal transmission, the presence of spores of all microsporidians identified in ovarian tissues suggested that these pathogens are incorporated into the eggs as like other lepidopteran Nosema species; the spores have also been observed in the faecal material of the infected larvae, which probably provide primary means of transmission to the healthy larvae due to contamination of the mulberry leaves. There was a steady increase in spore multiplication from day 8 to day 10 of embryonic development, indicating that the vegetative cells of microsporidia were maturing into spores during the course of embryonic development as well as existence of transovarial transmission mechanism. Transovarial transmission or vertical transmission via the gametes among different microsporidians was well documented in different insects (Ishihara and Fujiwara 1965 , Andreadis 1983 , Canning et al. 1985 , Becnel et al. 1989 , Dunn et al. 1998 , Rao et al. 2004 . Vertical transmission of different microsporidians in different insect hosts generally viewed to be the single most important adaptation for survival that has evolved within these parasitic species (Solter 2006) . Dunn et al. (2001) and Terry et al. (1997 Terry et al. ( , 2004 felt that vertical transmission from generation to generation is an adaptation for parasite reproduction in order to maintain the parasite within the host population.
The difficulties of proper identification of microsporidians using morphological studies are well demonstrated by various researchers (Mercer and Wigley 1987 , Raynaud et al. 1998 , Muller et al. 1999 . The molecular markers successfully developed during the last two decades have largely overcome the problems that are associated with systematic classification of various organisms. Initially restriction endonucleases or restriction fragment length polymorphism (RFLPs) (Undeen and Cockburn 1989 , Fedorko et al. 1995 served as reliable markers for genetic analysis. But PCR based technique developed in recent years like SSU-rRNA gene sequence analysis was found to be most useful technique to characterize closely related species. This method has great potential in the study of microsporidians for which taxonomy and phylogeny are based entirely on ultrastructural characters and life cycle features, which are not always reliable. For example, Vairimorpha species have been described twice, each time in a different genus, Nosema (diplokaryotic and disporoblastic) and Thelohania (uninucleate and octosporoblastic), on the basis of ultrastructural features Oldacre 1975, Sprague 1981) . In a study of rRNA sequences from different Vairimorpha and Nosema species, Baker et al. (1994) showed that the Nosema species was a paraphyletic group; this was later confirmed by Malone and McIvor (1996) using the rRNA genes. These results show that the rRNA sequence-based phylogeny is useful in resolving problems related to species identification in microsporidia.
In both of the phylogenetic trees constructed using different methods, the NIK-1s_mys is found in one of the cluster along with N. bombycis, similar to the one treated as N. bombycis, the SSU-rRNA sequence of which has been submitted in the GenBank data base with accession No. D85503. Even in this study, the NIK-1s_mys is taken as a standard type species, as N. bombycis, for comparing the microsporidians identified in the present study. The phylogenetic analysis, genetic distances as well as NCBI BLAST analysis strongly suggest that the microsporidians identified are closely related to the typical Nosema subgroup. The nucleotide differences at different positions in the SSU-rRNA gene clearly delineated all the five microsporidians from the standard type species, N. bombycis and NIK-1s_mys. Further, in the tree constructed here, the microsporidian isolates from the B. mori were grouped together, whereas other species of Nosema/Vairimorpha fell into a separate group, which was linked to B. mori. Other genera, Encephalitozoon, Enterocytozoon and Amblyospora, formed a separate group (Figs 3 and 4) . The Ameson michaelis identified from the Callinectes sapidus (Blue crab) taken as out group species formed as an out group. This is expected because the genera Nosema and Vairimorpha are related to each other and vary widely from the other genera, as suggested by Sprague et al. (1992) and Baker et al. (1994) . Hung et al. (1998) used SSU-rRNA sequences to identify Pleistophora anguillarum. Hatakeyama et al. (1997) , Rao et al. (2005) and Liu et al. (2011) have drawn taxonomic inferences of microsporidians infecting B. mori using SSU-rRNA sequences. On the basis of the results, it is clear that NIK1s_mys is similar to N. bombycis, and the other isolates NIWB-11bp, NIWB-12n, NIWB-13md, NIWB-14b and NIWB-15mb can be considered to be variants belonging to the genus, Nosema. To support this, all the new microsporidian isolates identified in the present study, exhibited characters of the apansporoblastic family Nosematidae i.e., development in direct contact with host cell cytoplasm, diplokaryotic nuclei through out the developmental stages and disporous sporogony. These are the characters of the genus Nosema (Sprague 1977 , Canning et al. 1999a , b, Kawarabata 2003 to which all the identified microsporidians clearly belong.
In conclusion, we found that SSU-rRNA sequence analysis method is very useful approach, and a valuable addition to available methods, such as RAPD and RFLP to characterize and resolving genetic variations among different and closely related microsporidian species/isolates, since the spore shape and ultrastructural features are not reliable indicators in the precise classification of microsporidia, as previously suggested by various authors (Hartskeerl et al. 1995 .
